SUPERCONDUCTIVITY

Due to spment of modern
grids and the extensive implemen-
tation of distributed generators,
the fault current level increases,
which affects the operation of cir-
cuit breakers P

Impact of controllable
superconducting series
reactor in transient
recovery voltage of
circuit breaker

How can a controllable superconducting series reactor
suppress transient recovery voltage of a circuit breaker?
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1. Introduction

Due to the development of modern grids
and the extensive implementation of dis-
tributed generators, the fault current level
increases, which affects the operation of
circuit breakers (CB) [1]. Transient re-
covery voltage (TRV)is a concern that can
damage a CB [2]. Saving a CB from failure
needs special attention to both current

ABSTRACT

Series reactors as fault current limit-
ers (FCLs) are extensively employed to
enhance power grid protection issues.
Utilizing superconducting technology
is a viable solution to approach FCLs
toward commercializing. The concern
of transient recovery voltage (TRV)
of the circuit breaker becomes more
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fault level and TRV factors based on IEEE
Std C37.119-2016 [3].

The most common solution to protect
the CB from fault current is either mag-
netic-based [4] or resistive-based [5]-[7]
superconducting fault current limiters.
Among different types of superconduct-
ing fault current limiters (SFCL). Among

considerable due to FCLs high stored
energy in the case of fault current lim-
iting mode. This paper firstly focuses
on the analysis of TRV under the pres-
ence of an inductive-based supercon-
ducting fault current limiter (SFCL)
installed in a power grid, and then it
investigates the impact of a control-
lable superconducting series reactor
(CSSR) in TRV of the circuit breaker.

types of superconducting FCLs, the in-
ductive SFCL is a piece of protection
equipment that limits the fault current
by imposing inductance to faulty lines
[8]-[9]. Its inductance is very low in the
normal state of the power system [10]. An
SFCL can be very useful for protecting
the CB from raising the fault current level
[11].

The obtained results show that the
synchronous operation of a CSSR with
a circuit breaker substantially declines
TRV.

KEYWORDS:

circuit breaker, fault current limiter, su-
perconducting series reactor, transient
recovery voltage
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By opening a line that has the short circuit
fault due to the high stored energy in series
inductors, the voltage of the opened CB ris-
es, which can cause problems and damage

The next important matter for CB oper-
ation is the occurrence of the CB termi-
nal TRV. This phenomenon depends on
equivalent inductance, resistance, and ca-
pacitance of the faulty system [12]. More-
over, the inductance of a faulty electric
system with the presence of SFCL increas-
es, which affects the factors of TRV as the
peak of TRV, frequency, rate of raising re-
covery voltage (RRRV), and TRV damp-
ing constant [13].

In this paper, TRV of CB is investigated,
whereas SFCL is not employed. Then, the
TRV of the circuit breaker is discussed,
considering the inductive SFCL in series
with the faulty line. Next, the behavior of
the controllable superconducting series
reactor (CSSR) as a TRV reduction circuit
is described. It is shown that not only is
this topology able to limit the magnitude
of TRV, but it also can protect the CB from
the sharp raising of recovery voltage. The
contributions of this work are as follows:

« an overview of the inductive SFCL ef-
fect in TRV of a circuit breaker

« effect of a CSSR in TRV of a circuit
breaker

« finite element based magnetic field
analysis and transient simulation of the
proposed CSSR

This paper is prepared as follows: sec-
tion 2 compares the TRV of a CB with and
without an SFCL, section 3 discusses the
configuration of the proposed CSSR, and
in the next section operation, and effects
of the CSSR in TRV of the circuit breaker
are discussed. In section 5 superconduct-
ing reactor is simulated by magnetic FEM,
and in section 6, the achievements of the
CSSR are explained, and finally, a conclu-
sion is given.

2. Study of TRV of the CB in
the presence of an SFCL

In this section, the effect of TRV of a CB
under short circuit conditions is investi-
gated. The power line faced a high current
while a small impedance is connected to
the electrical system which is known as a
short circuit fault. In this case, the CB is
activated as protection equipment to save
the power system from severe damage. By
opening a faulty line, due to high stored
energy in series inductors, the opened CB

CB
Zeq=R6q+XLeq —~
[ Fault
V’h§ CC.B
CB I
Z,=R, +XL, —~ SFCL
[ Fault
Vth CC_B

Figure 1. Equivalent circuit of a faulty line with and without an inductive SFCL
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voltage is moderately raised. Fig. 1 depicts
a model of an electrical system with and
without the inductive SFCL in the fault
condition.

As shown in Fig. 1(a), the equivalent cir-
cuit is assumed where there is no induc-
tive SFCL installed in the faulty line. Ad-
ditionally, the upstream grid Thevenin
voltage is modeled as voltage source Vi
and, the whole series inductance and re-
sistance of the electrical system are mod-
eled as Z, respectively. In this figure, Ccs
is the shunt capacitance model of the CB
in the open position. The depicted equiv-
alent circuit in Fig. 1(b) is similar to the
equivalent circuit in Fig. 1(a), except that
this equivalent circuit also includes an
SFCL. In the following sections, based on
the explained equivalent circuits, the TRV
of the circuit breaker is analytically stud-
ied and simulated. These RLC circuits are
valid to analyze the TRV of the CB based
on IEEE C37.011-2011.

2.1 TRV of the CB without installing
an SFCL

According to the equivalent circuit of
Fig. 1(a), by applying Kirchhoff voltage
law, equations 1 and 3 can be calculated as:

!
TRV =V, =———[i (t)dr =
(;‘f'ff

di (1)
dt

~v, ()+ R (i,(0)+L

upstream grid voltage Vin(t) is defined as:

v, (1)=V coswl (2)
Where Vi is the maximum amplitude of
voltage, t is the time domain, Reg and Leg
are the equivalent resistance and induc-
tance of the grid. By solving equation 1
and considering some of the approxima-
tion, the CBs voltage in the open position
as TRV is expressed as equation 3.

(U”:
TRV =V = —————
o, —w (3)

—x!
v, (cos ot —ke = cos (u”f)
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w=2rf (5)
a){]

f=— (6)
2
R,

o = —4 (7)
2L,

where w is the grid angular velocity, wo is
the TRV radius velocity, a is the damping
coefficient, and k is a coefficient that de-
pends on the initial value of the circuit. It
is obtained from equation 3 that the TRV
peak value depends on the value of wo and
dependently Leg and Ces, and coefficient k
as depicts in equation 4, whereas the con-
stant damping time depends on the ratio
of Reg to Leg according to equation 7.

The rate of raising recovery voltage
(RRRV) is a significant factor that can be
calculated from TRV of the CB accord-
ing to equation 8. This factor depends on
the first peak of TRV, and its oscillation

The use of a superconducting current lim-
iter helps in the reduction of the transient
fault recovery voltage due to the increase of
inductance in the circuit

frequency of the RLC modeled circuit as
presented in [EC 62271-101.

TR Vp('{.‘r'\'

112,

RRRV = 8)

In the first step of simulations, TRV of
the CB was investigated without using an
inductive SFCL as a protective series reac-
tor. As shown in Fig. 2, it is clear that the
peak value of TRV of the CB experiences
115 kV, while TRV damping duration is
almost 200 ms, and its amplitude reaches
to grid voltage equal to 63 kV. In Fig. 2, as
shown in the enlarged time duration 426-
446 ms, the TRV frequency can be ob-
tained in the time domain between 0.43-

0.44 ms, which is approximately 3500 Hz.
In this case, RRRV is 821 kV/ms.

2.2. TRV of the CB with installing an
inductive SFCL

According to the equivalent circuit in
Fig. 1(b), by employing an inductive
SFCL, the inductance of the system is
substantially increased compared to the
equivalent circuit in Fig. 1(a), which does
not have an SFCL. As a result of the in-
crease of the inductance value, the TRV
radius velocity is declined. Meanwhile, the
damping duration is considerably raised.
Besides, the TRV peak value is fallen as a
result of decreasing the line current initial
value.

115 kV | «— CB operation
S e A T e R N B
'y
100 !
63 kV :
~ Sof— o | ! S —— |
b ! @ |
3 :| & ;
u > o i
x 0 > S |
= 5 = |
= > = '
} '50 [ § U v il
————————— m o ol ——— —— i —————— ——:
1
-100 - .
e T e L P et a1 !
i« Fault
150 | | | £ | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (ms)
C
150, . v i Y
e I I (N
= 7] N E— N I
1006 08 043 0437 0434 0436 0438 044 042 04 046
Time (ms)

Figure 2. TRV of circuit breaker without installing inductive SFCL
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where Lsrcr is SFCL the inductance. To
calculate the TRV of the CB by the pres-
ence of an inductive SFCL, equation 3
must be utilized by considering 9 and 10.

In the second step of the simulations, the
TRV of the CB is concentrated consider-

ing the installed inductive SFCL. In Fig. 3
it is demonstrated that the magnitude
of TRV of the CB is reached 82 kV, once
damping time is increased, and voltage
magnitude steadily reaches to 63 kV. The
obtained results show that the TRV fre-
quency is limited to 550 Hz and, RRRV is
decreased to 41 kV/ms.

To briefly sum up obtained results from
this section, Table 1 is given to compare
the effects of an inductive SFCL in TRV
of the CB. It is extracted from Table 1 that
using an SFCL decreases: TVR peak value
up to 29 %, TVR frequency up to 86 %, and
95 % of RRRV while it increases up to 86 %
of TRV damping time. Damping constant

The proposed CSSR structure comprises
a superconducting coupled reactor, sol-
id-state switches, which includes four di-
odes and IGBT, and a parallel resistor-ar-

rester damper circuit

raising causes slow CB operation, which is
not acceptable.

3. Configuration of the
proposed CSSR

In this section, the configuration of the
proposed CSSR and its operation are dis-
cussed. Fig. 4(a) illustrates the installed
CSSR is in series with the circuit breaker.
The proposed CSSR structure comprises
a superconducting coupled reactor, sol-
id-state switches, includes four diodes
and IGBT, and a parallel resistor-arrester
damper circuit. In this diagram, it is con-
sidered that fault likely to happen down-
stream. Fig. 4(b) depicts different sections
of the proposed CSSR.

3.1 Specification of the series
reactor and its modeling

In the term of CSSR operation, the series
reactor (SR) is designed based on a super-
conducting structure in both normal and
fault states. This reactor is prepared using
liquid nitrogen cooling system at 77 K,
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Figure 3. TRV of the circuit breaker with installing an inductive SFCL
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The controllable cur-

Table 1. Comparison of TRV in power line with and without the presence of an inductive SFCL

. Protected line by .
rent series reactor Compared factor SFCL Unprotected line
uses a quuid nitro- Peak of TRV 82 kV 115 kV
gen cooling system at

. TRV damping time 1500 ms 200 ms
77 K, superconducting
wire type Bi-2223 and TRV frequency 550 Hz 3500 Hz
a ferromagnetic steel
. RRRV 41 kV/ms 821 kV/ms
iron core
e
Transformer CB e Supe::;):t((i)l:dive § Loads
Fault
Upstream Grid Main Bus Bus

> Solid-states

—> Damper circuit

—_—.

Series connection to
the power line

Solid-state unit

Superconductive reactor

Liquid nitrogen cooler

Figure 4. a) Single line diagram and CSSR configuration, b) 2D scheme of CSSR
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Table 2. Features of superconducting wire and the cooler

Feature Discretion
wire code Bi-2223
type Ag-sheathed tap HT-CA
material Cu alloy
critical current 1500-1700
width 16 mm
thickness 1.2 mm

cooler system

liquid nitrogen

cooling mechanism

gas condensation

reservoir tank

200 liter

temperature

77K

In the normal operating state, the CSSR
has its minimum inductance and transfers

Bi-2223 wire and ferromagnetic steel iron
core. Specification of a superconducting
wire and the cooling system is presented
in Table 2.

According to Fig. 5, the primary wind-
ing current results in a magnetic flux
that is called ¢, also the secondary
current generates a flux @ that is in the
reverse direction of primary flux. Sub-
tracting these two magnetic flux values
from each other results in the main core
flux. Fig. 6 demonstrates the core mag-
netic flux and its electrical equivalent
circuit.

Considering the equivalent circuit in
Fig. 13, the main arm magnetic link flux
is calculated by equation 11.

N,i )—(Ni,)
w,—w,,—qo_..—( ")R P (11)
o o RiR:

. . o ) (.:f'.’I ) : [ N, mr"ch]_(f\l " d!]
electric power from the grid side to the load Dtk . [ )
o o o . a . oo %1 52
side, with the minimum voltage drop R, +R,)
”””””” _y’"""”’"‘ Ir’""""’"4_"""""’:
-------- ey ey

Figure 5. Magnetic structure of CSSR and its electric equivalence circuit
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Figure 6. CSSR operation in the normal state when S: is turned on

Here, ir and is are current of the primary
and secondary winding. N, and Nsare pri-
mary and secondary winding turn num-
bers, beside @prand @ are their leakage
flux, respectively. In addition, Rm, Rs1, Rs2
are the main and side arms reluctance.
Furthermore, Rar and R.2 are the leakage
flux air path reluctance. Equation 10 ex-
press link flux in the main arm, and 12
define the value of leakage flux for both
windings. Also, equation 13 shows the
primary winding voltage, which effective-
ly influences the TRV of the CB.

3.2 Solid-state section of CSSR

The solid-state section consists of four di-
odes Di-Ds and an IGBT switch. In the
normal state, the IGBT gate is derived by
logic pulse, and the alternate current of the
secondary winding reactor is conducted by

time, the circuit breaker is closed to transfer
power from upstream to load sections. In
the fault event, a trip is sent to both CB and
CSSR, synchronously. Therefore, the IGBT
of CSSR is turned oft once the CB begins to
break. At this moment, the resistance R and
arrester Ar current rise to damp dissipation
energy of the circuit and suppress IGBT
voltage. As a result of solid-state circuit op-
eration, the SR magnetic flux is moderately
increased while SR reverse inductive volt-
age suppresses the TRV of the CB.

4. Operation of CSSR

In this section, the CSSR functional spec-
ification is discussed in the normal opera-
tion and fault state, and its ability is anal-
ysed and simulated to reduce the TRV of
the CB. The obtained results confirm the
feasible operation of the proposed CSSR

4.1 CSSR operation in normal state

In the normal state, the CSSR has its
minimum inductance and transfers elec-
tric power from the grid side to the load
side, with the minimum voltage drop.
This function is performed by solid-state
switches in the secondary side of the su-
perconducting reactor, whereas Di, D»,
and Si conduct a positive cycle of second-
ary current, beside D3, D4, and Si conduct
a negative cycle of secondary current.
Fig. 6 illustrates the proposed CSSR in a
normal state.

According to Fig. 6, for CSSR operation
in a normal state by operating the sol-
id-state as AC switch, the secondary of the
superconducting reactor is bypassed. For
the analytical study of this operation, the
T-model of the reactor is considered, as

diodes and turned-on IGBT. At the same  to reduce TRV of the CB. shown in Fig. 7.
CB iLine ””” L ”””””””” L ”””””””””””
Zeq = Req + XLeq pl M Load
s % Yyynm Y Y Y\

_ACSwitch |

Figure 7. CSSR T-model in the normal state when S is turned on
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Figure 8. CSSR operation in fault state when S is turned off

The simulation results demonstrate that the
magnitude of TRV of the CB reaches 70 kV,
while TRV damping time is limited to 20 ms,
which proves the effectiveness of the pres-
ence of a CSSR in the grid

The CSSR T-model in the normal state
depicted in Fig. 6, Ly and Ly are leakage
inductance of the superconducting induc-
tance, and Ly is magnetization inductance
of the reactor. By closing the solid-state
switch Si, the CSSR inductance substan-
tially falls. Equation 14 defines the lines
current in a normal state.
(14)
VH

R, +jo(L,+L,+a'L,)+Z,,

line

Here, Zioad is the load impedance. The CSSR
leakage inductance value is much lower than
the equivalent system inductance, which can
be neglected. Therefore, the CSSR voltage
drop in the normal state is negligible.

4.2 CSSR operation in the fault state

Fig. 8 illustrates a diagram of the pow-
er system when the fault occurs in the
downstream power line. A trip command
is sent to both the CB and IGBT S1 syn-

chronously in this state of operation. As a
result of the controlling command, the CB
opened, and in addition, S is turned off to
suppress TRV of the CB. By opening the
S, the current of the secondary is commu-
tated into the arrester A, and resistor R. In
this state of operation, A saved solid-state
switches from voltage stress and R damps
transient behavior of the system.

As depicted in Fig. 9, in a fault state to
CSSR behavior clarify, a superconducting
reactor T-model is used.

According to the CSSR T-model in a fault
state, when S is turned off, the inductance
and resistance of the electric system con-
siderably rise. This increase in inductance
and resistance is due to a series connection
between a parallel branch consisting of Lu
and a “R with the faulty line. To simplify
the CSSR model, the Lyand Lq values are

i
f
7 =R +XL L
eq eq eq .r\. ( WPY[ \

Figure 9. CSSR T-model in fault state when S; is turned off
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Z, =R, +XL,

A,

th

Figure 10. Approximate model of the CSSR in fault state when S; is turned off

ignored. On the other hand, A/s operation
is in the short period of first voltage stress
so that it can be removed from the final
model. Consequently, the only remained

elements are parallel magnetization in-
ductance and secondary connected resis-
tor. In Fig. 8, based on the Thevenin mod-
el, the CSSR series is depicted.

In this state, the TRV of the CB is ex-
plained by equation 15, which is con-
firmed by the simulation result in
Fig. 10.

V- R€q+R*
' —a
(Leq * L,\f )Cc B Z(Leq”‘M') 4
IRV =Vp g = - I cos(zfz'f[) — ke cos (15)
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(ng + L.\-r )Cr B
C T T T ; 5
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Figure 11. TRV of CB with installing CSSR

www.transformers-magazine.com

63



SUPERCONDUCTIVITY

The magnetic field distribution of the pro-
posed superconducting reactor is inves-
tigated using the electromagnetic 3D FEM
model with the ANSYS Maxwell software

As depicted in Fig. 7, the simulation re-
sults prove the effectiveness of the pres-
ence of a CSSR in the grid. In Fig. 11,
TRV of the CB is demonstrated when
a fault occurs in 0.43 s. In this figure, is
demonstrated that the magnitude of
TRV of the CB reaches 70 kV, while TRV
damping time is limited to 20 ms. The

obtained results show that the TRV fre-
quency is limited to 400 Hz, and RRRV is
decreased to 28 kV/ms.

4.3 CSSR power loss calculation

In this section, the power loss of the pro-
posed CSSR is briefly described in both

normal and fault state. In the normal state,
total power loss consists of superconduct-
ing wire (Bi-2223) AC power loss [14] in
primary and secondary coils, IGBT pow-
er loss, and diodes power loss. In the fault
condition, total power loss consists of su-
perconducting wires, AC power loss, and
damper resistor power loss.

5. Magnetic study of the
proposed CSSR

Because of the inherent non-linear mag-
netic characteristics of the proposed su-
perconducting reactor, numerical meth-
ods must be used for the calculation of the

Cryostat

Cylindrical fiber

Secondary winding
Paper insulator
Primary winding
Cryostat

Coolant canal

3D view of coil

E-I core 3D design
Side arm
Main arm

Core windows

Figure 12. Geometric view of series reactor sections
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magnetic field distribution and the pre-
diction of the magnetization characteris-
tics. The Finite Element Method (FEM) is
a well-known numerical method for field
solution and design validation of electro-
magnetic structures with complex geom-
etry and non-linear properties. In this
section, the magnetic field distribution
of the proposed superconducting reactor
is investigated considering the 3D FEM
model utilizing the ANSYS Maxwell soft-
ware. The solver is A-Phi transient, and
length-based mesh is applied in simulated
sections. The designed geometric scheme
of the proposed superconducting reactor
is shown in Fig. 12.

5.1 Geometric of the proposed CSSR

Fig. 11(a) shows that the coil is comprised
of a superconducting cooling system box

The numerical 3D FEM simulation results
confirm that the CSSR can impose an ac-
ceptable inductance value to the faulty line,
and its voltage drop suppresses the TRV of
the CB to the acceptable value

as a thermo-isolator, a primary winding
and a secondary winding, an electric pa-
per sheet insulator, separator cylindrical
fibre insulation. On the other hand, the
CSSR core material is magnetic steel iron
that is designed in an E-I manner, as illus-
trated in Fig. 11(b).

Fig. 13 depicts 2D and 3D views of the re-
actor in which the ferromagnetic core and
the designed coil have been assembled,

whereas the coil is placed around the core
main arm.

5.2 Magnetic FEM simulation of
CSSR

In this step, the length-based meshes are
applied in the 3D geometric scheme of
the superconducting reactor considering
optimized length-based mesh operation.
The mesh plot is exhibited in Fig. 14.

Superconductive coil

Figure 13. 2D and 3D illustration of an assembled series reactor
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Mesh in surface

Mesh in depth

Figure 14. Mesh operation of the series reactor

In this step of the simulation, the focus is
on the core magnetic field analysis, con-
sidering a normal operation, in which
the AC switch bypasses the secondary
coil, and the line current passes through
the primary winding. In Fig. 15 tran-
sient FEM analysis result is presented.
As shown in this figure, to increase the
simulation result visibility, 2D and 3D

views are presented together. Vector and
magnitude distribution of the magnetic
flux are illustrated, while the main arm
average flux does not exceed 1.7 mT. The
obtained results from the FEM simulation
confirm that, in the normal operation, the
imposed CSSR series inductance is sub-
stantially low. Therefore, the CSSR series
voltage drop is small.

In the ultimate FEM simulation step, it is
considered that the AC switch in the sec-
ondary side is opened, and the secondary
winding current is limited by the com-
mutated current into resistor R. In Fig. 16
is depicted that the main arm average
magnetic flux density reaches 1.1 T as its
maximum value, whereas the magnetic
flux density in the saturation is 1.8 T. The
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Figure 15. 2D and 3D magnetic flux density of series reactor (normal state)
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Figure 16. 2D and 3D magnetic flux density of series reactor (fault state)

simulation results confirm that the CSSR
can impose an acceptable inductance val-
ue to the faulty line, and its voltage drop
suppresses the TRV of the CB to the ac-
ceptable value.

6. The CSSR features in the
TRV of CB

In this paper, the effects of the SFCL and
the proposed CSSR on the TRV of the CB
are investigated. To describe the benefits
of employing the proposed CSSR, a com-
parison of TRV of the CB with the effects
ofan inductive SFCL and CSSR is present-
ed in Table 3.

Itis defined in Table 2 that using the CSSR
provides more release in comparison with
the SFCL as there is a decrease in the TVR
peak value up to 15 %, TVR frequency up
to 28 %, and 32 % of RRRV once it reduc-
es 98.5 % of TRV damping time. Fig. 17
shows the CB's TRV plot with both SFCL
and CSSR.

In Fig. 17, it is obvious that the damping
of the TRV is significantly faster when the
CSSR is used, compared to the steadily
damping of the TRV when the SFCL is

www.transformers-magazine.com

Table 3. Comparison of TRV of the CB with effects of an inductive SFCL and CSSR

Compared factor Protet(::tgcsi Igne by Protecst;g II_ine by
Peak of TRV 70 kV 82 kV
TRV damping time 20 ms 1500 ms
TRV frequency 400 Hz 550 Hz
RRRV 28 kV/ms 41 kV/ms

used. Also, it shows the TRV peak value
has declined by 12 kV.

It is understood that the functional effects
of the CSSR cause the extensive improve-
ments in TRV of the CB as follows:

« decreasing peak value of TRV up to 15 %

« decreasing TRV frequency up to 28 %

« decreasing RRRV up to 32 %

« decreasing duration of TRV damping
up to 98.5 %

« low power loss because of supercon-

ductivity.

In future research, it can be proved that
not only the proposed CSSR can relieve
the TRV factor, but also it can solve other
matters depending on system overvoltag-
es, as follows:

« damping ferroresonance of voltage
transformer

« damping ferroresonance of power
transformer

« damping transient voltage fluctuation
in power system

« limiting current overshoots in load
variation.
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Figure 17. TRV signal comparison with the effect of an inductive SCFCL and CSSR

The primary CSSR  implementation
scheme, as illustrated in Fig. 18, has been
developed considering all required sec-
tions for CSSR development. It serves for
future planning and implementation.

Conclusion

The issue of power system protection
against fault current directly depends on
the operation of fault current limiters and
circuit breakers. One of the most signifi-
cant factors which influence the normal
behavior of circuit breaker and its features
is transient recovery voltage which can
extensively damage circuit breaker. In this
paper, first of all, the transient recovery

voltage of the circuit breaker is investigat-
ed without installing the superconducting
fault current limiter, and then the instal-
lation of the inductive superconducting
fault current limiter was investigated. The
primary results show that inductive super-
conducting fault current limiter can limit
the peak value of transient recovery volt-
age. In addition, it can limit the frequen-
cy of transient recovery voltage and its
rate of raising recover voltage. However,
it substantially increases the TRV damp-
ing time constant. In the second step, the
operation of the proposed controllable su-
perconducting series reactor was investi-
gated. Indeed, the controllable supercon-
ducting series reactor showed excellent

performance regarding all the harmful
factors of transient recovery voltage as
its peak value, frequency, rate of raising
recovery voltage, and damping time con-
stant. Consequently, the implementation
of the controllable superconducting series
reactor can entirely save circuit breakers
in the power system.
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